A practical and nonperturbative method is presented for studying molecular photodissociation processes in the presence of (weak or intense) electromagnetic fields. using only square-integrable (L 2) functions. By means of the complex coordinate transformation and L 1 discretization of the vibrational continua. the complex quasivibrational energies (QVE) of the Floquet Hamiltonian can be determined by standard non-Hermitian eigenvalue analysis. The real parts of the QVE's provide the ac Stark-shifted vibronic energies, whereas the imaginary parts are related to the photodissociation transition rates. The theory is applied to the direct photodissociation of Hi (lsa g -2pa. ) in both weak and strong fields.
I. INTRODUCTION
There is currently much interest both experimentally and theoretically in the problem of intense field photodissociation of molecules. 1 ,2 Processes such as direct photodissociation, predissociation, two-photon and multiphoton dissociations are among the ones being studied. At low fields, perturbative technique has been developed,3 and the theory has been applied successfully to simple model problems. However, there remains the difficulty of how to carry out the summation over the complete vibrational intermediate states correctly. At higher fields, perturbation theory may not be applicable and the picture of dressed molecule or electronicfield surfaces has been introduced and widely used. 2 ,4 In this paper we present an alternative practical nonperturbative approach, the complex quasivibrational energy (QVE) formalism, based on the generalization of the conventional finite-level Floquet theory5 to inClude the complete set of continuum as well as bound vibronic states. This has the effect of giving each of the dressed vibronic levels an intenSity-dependent part (width) in addition to the usual field-induced shifts. Proper interpretation of the frequency and intensity dependence of these complex QVE's gives rise to rates for (multiphoton) photodissociation processes without prior specification of the number of photons involved in the process, and is equivalent to infinite-order perturbation theory, self-consistent in that the shifts and widths of aU levels are simultaneously determ'ined.
In Sec. II, the esse~ce of the complex QVE formalism is outlined and a numerical method involving the complex coordinate transformation 6 is suggested for calculating the position of the complex quasivibrational energy state (QVES). The utility and power of this technique will be illustrated in Sec. III by the example of direct photodissociation of Hi in both weak and strong fields. i 1fa>v(r,R, t) lat=JC (r,R, t)>v(r,R, t) , (1 ) where rand R stand for electronic and nuclear coordinates respectively, and the semiclassical time-dependent Hamiltonian JC in the dipole approximation, is given by
Here,
is the field-free total Hamiltonian (with TR and Hal being the nuclear kinetic energy operator and the electronic Hamiltonian respectively), /J.(r, R) is the dipole moment operator, €o is the electric field amplitude, and w is the EM frequency. We first seek the solution of the field-free Schrodinger equation,
In accordance with the usual assumption of weak coupling of nuclear with electronic motion, one can consider R as a slowly varying parameter, and the solution of Eq. (4) can be written as (5) where X,,(R) and 1Ji,,(r, R) are the nuclear and electronic wave functions, respectively. In the adiabatic representation, the electronic wave function 1Ji,,(r, R) is an eigenfunction of Hel (r, R) with eigenvalue U,,(R), i. e., (6) We shall assume {1Ji,,} forms a complete orthonormal set.
Consider now the solution of Eq. (1) by expanding it(r, R, t) in terms of the field-free basis {~J, .v(r, R, t) = La,,(t)~,,(r, R) " Substituting Eq. (7) into Eq. (1), multiplying both sides by ~1(r,R)=xj(R)lJij(r,R) and integrating over drdR, we find 
(9) (11) (12) We note that the coupling matrix in Eq. (10) is of twoby-two block form. Each of the electronic blocks specified by the nuclear Hamiltonian Ha(R) is to be expanded by a manifold of nuclear (i. e., vibrational-rotational) wave functions to be discussed later.
The solution of Eq. (10) is formally equivalent to the solution of the time-dependent Schrodinger equation in matrix form:
where the time-dependent semiclassical nuclear Hamiltonian He is defined by (a,i3=1;2) . (14) Now that He(R, f) = He(R, t+ T), T=27f/w, the Floquet theorem 7 asserts the existence of solutions in the form
where <J>e is called the quasienergy state (QES) corresponding to the quasi energy E and 1), is a periodic function of time, namely, 1)e(R, t) =1).(R, t + T). The existence of QES in a periodic time-dependent system has been discussed by many authors. 8 Extension of this conventional (real) quasienergy concept to a complex quasienergy formalism, allowing for the coupling of the bound electronic states to the electronic continua, has also been extensively studied recently9,10 in connection to multiphoton ionization. In the present case of (multiphoton) photodissociation, the quantity of physical interest is the vibronic transition rates from vibrational bound states in one electronic state to the vibrational continua in another electronic state. Appropriate extension of the previous electronic quasi energy formalism 9 ,10 to vibrational degree of freedom as discussed below leads to a viable method for calculating the complex quasivibrational energies, the imaginary parts of which are directly related to photodissociation rates.
The solution of photodissociation problem, or equivaEquation (8) now involves only nuclear degrees of freedom.
Without loss of generality, we consider now in detail the solution of Eq. (8) for the case of two (electronic) states. Since we are concerned with the vibronic transitions between two different electronic states, the contributions due to the diagonal transition dipole moment J.lJJ(R) (which though is crucial for photoabsorption within the single jth electronic state) will be ignored here. Then the coupled equations in (8) become (10) lently the solution of Eq. (13) now consists of the follOWing steps. The first step is to transform the dynamical problem described by Eq. (13) 
Here we use Greek letters corresponding to electronic states, while Roman letters will denote Fourier components. We order the components so that a runs over electronic states before each change in n. In the case of two electronic states, for example, the Floquet
Hamiltonian H F has the structure shown in Fig. 1 . We see H F has a periodic structure with only the number of w's in the diagonal elements varying from block to block. The structure endows the eigenvalues and eigenvectors of HF with periodic properties.
The Floquet matrix so constructed is a real, symmetric matrix and contains no discrete spectrum in the real energy axis. Writing the time evolution operator in the form, 20) gives the usual result 12 that the time dependence is dominated by poles of (z -H F )"l near the real axis but on higher Riemann sheets, and the complex energies of the poles are related to the positions and widths Of the shifted and broadened quasienergy states. These com- ,-.... Once QVE and QVES are found, the intenSity and time-dependent (multiphoton) photodissociation rates can also be determined. In particular, in the weak field limit, a single QVE is sufficient to calculate the onephoton bound-free transition rate. We refer the readers to Ref. 10 for detail discussion on these points.
III. PHOTODISSOCIATION OF H;-A CASE STUDY
Similar to the complex electronic quasienergy approach 9 ,10 to atomic multiphoton ionization problems, the power of the QVE approach described in Sec. II lies in its ability to treat both weak and intense field, single and multiphoton photodissociation processes in a unified nonperturbative fashion. In order to assess the usefulness and accuracy of the QVE method, we first carried out a calculation of the (weak field) single photon vibronic bound-free (1sO'g-2pO'u) transition of Hi, for which accurate results have been obtained by others using well established techniques.
For weak-field Single-photon two-electronic -state problem, only the minimal (2 x 2 block) matrix A shown in Fig. 1 needs to be considered. We shall use the Morse potentials
for describing both the ground (1sO'g) and the excited repulsive (2pO'u) electronic states. For the tranSition dipole moment we adope
ay where j..t'(R.) is the dipole derivative and y is the electronic anharmonicity. The molecular parameters used for U(R) and j..t12(R) are listed in Table I , which were first suggested by Bunkin and Tugov 3 and used recently also by others. 13 Bunkin and Tugov found that the analytical U(R) and j..t12(R) given in Eqs. (21)- (22) are in reasonable agreement with their exact numerical values. 18 ,19 For each of the diagonal electronic blocks in matrix A (Fig. 1) , we used the orthonormal harmonic oscillator L2 basis
to expand the (vibrational) radial wave functions (p = 1, 2, ... , N), and Yi",/R) to describe the rotational wave function. It is well known14 that the harmonic oscillator basis provides a compact analytic representation for the complete set of bound and continuum states of an anharmonic oscillator. The harmonic oscillator basis has also been employed successfully by Chu l5 recently for studying the predissociation lifetimes of van der Waals molecules using the method of complex coordinate. In Eq. (23), Hp is a Hermite polynomial, x=R -Ro and {3 is a disposable nonlinear parameter. We used Ro =3.0ao, and {3=2.0a(jl (ao = Bohr radius), in the case study. The symmetric complex matrix A of Fig. 1 was di inversion iteration technique used before 9 ,10 which re- 18 and 1J.12(R)IS and the standard first-order perturbation method. The general agreement between the two sets of data appears satisfactory. The discrepancies in the long wavelength part of curves mainly reflect the difference of potentials and dipole moment used, 11 a fact also pointed out by Bunkin and Tugov. 2 We thus see that the QVE method appears to be capable of providing photodissociation rates of useful accuracy in a straightforward manner.
We now turn to the strong field direct photodissocia-' tion of Hi. The field strength F rms was varied from 0.0001 to 0.02 a. u. It was found that the "generalized" first-order photodissociation cross section 20 a(A) [computed from Eq. (24) are the corresponding adiabatic electronic-field surfaces. As also pointed out by many authors, 2,4 photodissociation process between a bound and a repulsive excited electronic states can be regarded as a (diabatic) curve-crossing or an (adiabatic) avoided-crossing predissociation problem. Figure 8 depicts the field-dependent electronic-field surfaces El and E2 nearby the susceptible avoided-crossing region for the cases of A := 1000 A and F rms = O. 001 and 0.02 a. u. It is seen that the two electronic-field surfaces "repel" each other as field increases, which in turn affects the photodissociation transition probabilities.
In summary, we have shown in this paper that the complex QVE formalism provides an alternative, in the case of weak field, and a practical nonperturbative, in the case of strong field, method for studying photodissociation processes. Interesting and useful extensions of the QVE method include multiphoton dissociation of small molecules in intense fields and bound-free transition involving shape resonances in the upper electronic state. 2j etc. Research projects along these directions are underway.
